A living organism is able to synthesize an enormous variety of particular macromolecules-macromolecules of a type which that organism already contains-out of a great variety of different material ("food" in a wider sense). From the point of view of information theory the explanation of this capability of a living organism will be very much simplified if that "food" is considered as being chopped up and then reassembled by a process of replica formation.
A living organism is able to synthesize an enormous variety of particular macromolecules-macromolecules of a type which that organism already contains-out of a great variety of different material ("food" in a wider sense). From the point of view of information theory the explanation of this capability of a living organism will be very much simplified if that "food" is considered as being chopped up and then reassembled by a process of replica formation.
We consider the sequence selection in protein synthesis first, before getting into the problem of RNA synthesis, because the assembly of the highly complex and diversified amino acid sequences in proteins calls for an explanation in terms of a general simple scheme; if one can show the possibility of a protein replication scheme which satisfies the physical, chemical, and structural aspects, such a scheme will have evident advantages over other schemes which only too often are overloaded with ad hoc postulates.
The selection of a particular sequence of amino acids is one of the main problems in understanding protein synthesis. In the present paper1 this problem is reduced to the problem of replica formation: The essential information content necessary for the formation of a (filial) protein chain is assumed to be stored in a parental protein chain which is firmly attached to an RNA chain. We shall try to understand this sequence formation as a single step phenomenon rather than as a process involving the subsequent use of hundreds of specific enzymes, synthesizing the chain stepwise, amino acid by amino acid.
In protein synthesis we have to consider all the variety of forces usually involved in biochemical reactions: covalent bonds, ionic bonds, hydrogen bonds; furthermore there is the electrostatic interaction between charged or polar molecules which is strongly modified by gegen-ions from the surrounding ionic medium, and then there are London-van der Waals forces between polarizable molecules.
The latter "polarizability forces" are due to fluctuations of charge distributions in the molecules. Charge fluctuations can be caused by the quantum mechanical zero point motion due to the uncertainty principle. Charge fluctuations may also be due to thermal motion if excited electronic states are in thermal reach. A somewhat different type of thermal charge fluctuations is the fluctuation of proton distributions over the surface of molecules, investigated by Kirkwood and Shumaker. All these charge fluctuation forces have been shown 1, 2 to contribute to an association of like molecules as nearest neighbors which is energetically more favorable than association of unlike ones by an amount of the order of magnitude of a few kT. This property has the important significance that it may account for the selection of the right set of amino acids from the surrounding medium, and for their juxtaposition to the corresponding amino acids of a parental chain.2 In this paper we shall propose several schemes in which the information about a filial amino acid sequence is stored in an (unfolded) parental protein chain; or, in a separate analysis, one may consider the information stored in a sequence of individual parental amino acids, independently attached to the RNA chain. In either case the amino acid sequence constitutes the essential part of the "template." The important role of the nucleic acids shall be described later in this paper. In the following schemes we try to leave the task of sequence selection entirely to the specificity property of the charge fluctuation forces without taking recourse to complementarity considerations' nor to a multitude of specific enzymes postulated ad hoc to accomplish selection of the right sequence.
We do not assume that these filial amino acids (activated amino acids) from the medium will get attracted by their like counterparts in the parental protein at long range from far away; it is Brownian motion which is the agent which shuffles these molecules around rapidly. On the microscopic scale Brownian motion is an extremely rapid phenomenon as the time needed to accomplish a given net displacement is proportional to the square of that displacement. Once filial amino acids come close to the corresponding amino acids in the parental chain, they will be retained there. The selection of the right kind of sequence is achieved in this way.
Some 20 years ago, Hamaker4 recognized the significance of the equilibrium between static electrostatic repulsions between molecules (in particular between identical molecules) modified by gegen ions (depending on the ionic concentrations in the medium) and the attractive (specific) London-Eisenchitz-Wang (van der Waals) forces. A change of the ionic concentrations in the medium is thus capable of making the nonspecific repulsion predominate over the specific London-van der Waals attraction. Such a change provides for a mechanism for regulating over-all motion of molecules, a motion which might be reversible.
In this paper the question is raised as to how these various forces fit into the process of sequence selection. We want to illustrate the application of the property of specificity of charge fluctuation forces by giving several model schemes. It is evident that the interacting molecules will have to be sterically compatible. In particular, the monomer repeat distances of the nucleic acid chain and of the parental protein chain attached to it should be compatible. It is furthermore necessary to keep in mind that the steric arrangements between filial amino acids which are supposed to be joined by peptide bonds should be such that the peptide bond forming loci would be very close to each other. We definitely want to avoid schemes in which the filial amino acids are many Angstroms apart. The specific interaction due to charge fluctuation forces was discussed in parts I and II. It involves the mutual orientation of the interacting molecules which can be characterized as parallel orientation as regards the z direction (the direction of the line connecting the centers of the two interacting molecules cf. Fig. 3 ) and antiparallel in the x and y directions. The pictures show this orientation between filial and parental amino acid side chains at several instances. The pictures of space filling models have the purpose of illustrating the spatial arrangements and of showing their compatibility with the steric requirements and the requirements of closeness of interacting loci at the time of peptide bond formation. We have, of course, also to see that the energy conditions for peptide bond formation are properly taken care of. The backbones of parental and of filial chains are parallel oriented. Subsequently, the filial protein chain may be made to peel off from the nucleoprotein template through changes in the ionic constitution of the medium.
As regards the biochemical evidence, the filial amino acids which are to be used for the synthesis of a new protein, are available in activated form. It is to be emphasized that in our schemes it is quite irrelevant what kind of activation actually is involved. The important steps in the formation of replica proteins are practically the same whether the amino acid activation consists in an ester linkage of an amino acid to the first ribose of a soluble RNA or in a phosphate bond of an amino acid to an AMP, or whether activated small peptides may be the units from which the filial protein chain is assembled. In view of the fact that the detailed steps of the activation mechanism are not yet all settled, we can best perform the molecular model building by using the simplest prototype of activation: we represent an activated amino acid by an amino acid attached, through its carbonyl group, to the phosphate of an AMP, or the monophosphate of another purine or pyrimidine base, i.e., a ribonucleotide. We further make the usual assumption that the presence of RNA, or DNA, or other substitutes is required before protein synthesis may occur. We discuss RNA schemes; the others might perhaps be similar. We shall use the name RNA when referring to any sequence of nucleotides. In building models, we sometimes use a polyadenylic acid chain or a polyuridylic acid chain, or we use a genuine mixture of nucleotides. The form which the RNA chain or chains will assume and the way of attachment of the parental protein chain (or the parental individual amino acids) to the RNA chain will be discussed along with each of the proposed schemes described in this paper.
This brings us to the concept of a "template." We talk about "templates" even though that word has often been used to designate steric complementarity, complementarity of van der Waals contacts, complementarity of electrostatic patterns of charge distribution, complementarity of hydrogen bond systems-or all of them together. In our case we understand by "template" a molecule or a complex (which contains the proper sequence of parental amino acids, individually or as a protein chain) on which the filial sequence of amino acids is thereupon assembled by specific charge fluctuation forces. The functioning of this template requires the parental amino acid sequence to be arranged so that it forms some kind of a linear array of exposed parental amino acid side chains to which the filial amino acids have access. This arrangement may be achieved by an attachment of the parental sequence to a nucleic acid chain or helix which has the function of a backbone to hold the amino acid sequence, or protein chain. The specific function of the nucleic acid will be discussed below. It may be well to remember that highly charged groups like the phosphates of the nucleotides are probably well neutralized by an additional chain of basic amino acids (as found in microsomal nucleoproteins), by Mg++, or other small ions. The charges on the nucleotides and on the parental and filial amino acids are therefore not expected to completely dominate the mode of attachment in question.
The problem of protein synthesis is really a twofold one: the problem of formation of a template and the problem of formation of a replica protein. In discussing the possible models we concentrate on the latter of these two processes because the schemes of formation of a template are likely to be more dependent on detailed experimental results (for which we still have to wait) than are the schemes of formation of filial protein chains.
In discussing the formation of a replica protein we give, in this paper, detailed attention only to schemes in which the template is an extended parental protein chain attached to a single strand extended RNA chain by hydrogen bonds (denoted by H). There might be similar schemes involving double strand RNA. There may also be schemes in which the template is a sequence of individual amino acids, attached to the extended (single or double strand) RNA by covalent bonds (denoted by C).5 Nature provides for an exceedingly accurate conservation of information. This seems to imply that the information content either be preserved by virtue of the parental protein chain remaining tightly hydrogen bonded together with the RNA (in schemes H), or be preserved by virtue of the individual parental amino acids being covalently bound to the RNA chain (in schemes C). In any case we would like to regard nucleoproteins rather than nucleic acids as carriers of genetic information.
Considering the various possibilities of template formation from an RNA chain and a parental protein chain or a parental sequence of individual amino acids, and considering only those sections of the RNA chain which carry parental material, the question evidently arises: what fraction of the set of parental amino acids is attached to what fraction of the set of nucleotides? We will discuss in detail only schemes in which every monomer of the protein chain is attached to the RNA chain. On the one hand that includes the case where the ratio of the number of amino acids to the number of nucleotides in the template is one to one (all the schemes listed in reference (5)). This 1 :1 ratio for the template, formed by H bonds between RNA and peptide chain, is supported by the experiments of E. T. Bolton and his co-workers6 and other groups. On the other hand, every amino acid might perhaps be attached to every nucleotide pair in the wide groove of a WatsonCrick-Rich RNA double helix (H+B2p), a double helix assumed to be similar to the Watson-Crick-Wilkins DNA helix.
These attachments between protein and RNA chains imply fairly stringent condition as regards the repeat distance of attachment sites on the RNA: they have to match the repeat distance along the protein chain (schemes H). The corresponding conditions in schemes C would not be less stringent: in either case the arrangement of the parental amino acids has to be such that the filial amino acids have a chance to become assembled at the proper peptide repeat distance from each other, i.e., some 3.4 Angstrom apart. Otherwise peptide bond formation in the filial chain could only occur simultaneously with the filial chain peeling off and that seems to be most unlikely to result in a complete filial protein chain.
These schemes may help the biochemist to select the actual process which is at work at protein synthesis. They also pose a number of experimental problems, the solution of which will decide in favor of one or against another of the hypotheses made in regard to protein synthesis theories.
Protein Figures 2, 3, 4, 8, 9, 10. C is black; H is white, an almost complete sphere, except in an H bond where it is about a cylindrical disk; P -is beige, appearing white, tetrahedral: 0 is red, appearing as a darker gray; double bond 0 is shaped like a flattened sphere with two indentations, single bond 0 looks more like a sector of a sphere; N is blue, appearing as a lighter gray. midline as shown in middle Figure 1 (repeat distance along the midline axis is 3.4 A). A short but fairly bulky section of the glucagon chain, i.e., tryptophane-, glutamine, valine, and phenylalanine+, is used to illustrate this protein chain, lower Figure 1 . The attachment of the protein chain to the nucleic acid chain is through hydrogen bonds between the oxygens of the carbonyl groups of the peptide backbone and the hydrogens of the OH groups on the C2' of the riboses of the RNA. Such an attachment would not be possible with DNA. The negative charges on the phosphates may be compensated by Mg++ ions and by some basic protein side chains which can get at the phosphates. The RNA with attached (parental) protein chain would act as a template for the synthesis of a filial protein chain. Figure 2 shows this template, its RNA part again being covered by a veil (side view). We assume activated amino acids to be available in the medium, in the case of the illustration simply amino acids phosphate bonded to AMP. Four of those activated amino acids are seen in Figure 3 . They are retained next to the corresponding parental amino acid side chains, in proper orientation, after Brownian motion has thoroughly shuffled them around. In this Figure 3 (again, a side view), the entire template of Figure 2 is covered by one veil; the activated amino acids are bare.
Brownian motion also brings an amino group of one activated amino acid frequently near to the carbonyl group of the adjacent activated amino acid. The polarity of the filial chain is parallel to that of the parental chain. At this instant the bonds connecting the amino acids to the ribonucleotides may be broken with simultaneous formation of peptide bonds between the filial amino acids. When the broken-off ribonucleotides have drifted away, the filial protein chain lies attached, as shown in Figure 4 , to the parental protein chain. A later change in ionic constitution of the medium permits the filial chain to peel off, as in Figure 10 .
One has also to envisage the possibility of lank t t other processes following Figure 3 Arrangement (HsBla).-The single strand RNA discussed in the first instance (H+Rla) had its bases outstretched, alternately from one and the other side of the phosphate backbone. The next scheme (H-pla) brought the bases closer to the backbone. The present scheme (H'Bla) brings the bases very close together. Their closest packing is seen in the illustrations (Fig. 5) . The phosphates again form a zigzag backbone with indentations between them which make easy access to the side chains of some (nonspecific) basic protein and to Mg++ ions which compensate the negative charges on the phosphates. This RNA single chain is very compact and has a monomer repeat distance (measured along the midline) of about 3.3 A. The C2'0H (which evidently exists only in RNA, not in DNA!) of every ribose forms a hydrogen bond to the structurally adjacent base7 which is the second-to-next base along the sequence of nucleotides (Fig. 6) . The H bond acceptors are the Nv.in case of purines and the C20 in case of pyrimidines. On the side of the bases there are hydrogen bonding sites, some H donors, some H acceptors to which a protein backbone may be attached (black dot markings in Fig. 5 and 7 ). But such attachment is conditional on an adequate sequence of nucleotides, in particular when the protein's side chains are taken into account. These side chains not only influence the possible shapes of the protein backbone: their bulkiness also implies direct compatibility conditions with the available space on the rough terrain which the bases of the RNA have to offer. The degree of specificity between this RNA and the parental protein compatible with it will be discussed in a latergnote.
This compatibility condition between RNA chain and parental protein chain is not of such a kind that three adjacent nucleotides would determine one amino acid (Gamow's overlapping code) but something related to that coding idea: the compatibility condition is much more relaxed than Gamow's. But it implies that if a foreign nucleic acid is injected into a cell, it will in general no longer be possible to attach the cell protein to that foreign nucleic acid, and a rearrangement of peptide chains into a new parental protein chain might come about which then produces that same new type filial protein. The phenomenon of transforming principle might in this way be understood to operate. According to that view the new protein produced will not only be dependent on the kind of nucleic acid injected but also on the type of protein present in the original cell. (This of course presupposes that the injected transforming principle does not cariy any information-containing nucleoprotein with it.)
In this connection, where we have a stereospecific attachment between nucleic acid and protein, we are to be reminded that the degree of conservation of information lies in the degree of stability of that tightly hydrogen bonded nucleoprotein structure, i.e., the template (and in its accurate replication which we have so far FIG. 7 .Fit of protein into RNA to form template. A protein chain with its side chains mainly pointing in the upward direction, has an average amino acid repeat distance of 3 2 to 3.5 A; it can be shortened, but not lengthened. The RN^A structure is very compact, and can, given the internal Ht bonding, and in view of its compactness, not be shortened as long as it is assumed to be a straight rod. The fit, in the present example, is perfect-in the general case both protein and nucleic acid have about 3.3 A as their average monomer repeat distance. The fit is conditional on the detailed sequence in the two kinds of molecules. sidetracked). We are also to be reminded that mistakes in synthesis of filial protein chains are of a random character and therefore much less critical than a change in a nucleoprotein which is a highly permanent structure.
Protein Figure 8 , the template on Figure 9 , and the template with the filial protein chain nearby, after it has been peeled off (Figure 10 Further Remarks.-It is the purpose of this paper to bring the current biochemical findings in the field of protein synthesis into proper relation to the physical phenomenon of specificity of charge fluctuation forces so as to account for the right sequence selection of amino acids.
Protein synthesis involves (1) not only formation of a protein chain of proper amino acid sequence, it also involves (2) formation of a helices or sheets, and (3) folding of the helices or sheets into a three dimensional globular or other structure. Only the first of these steps has been discussed in this paper. The second step seems not to raise too difficult problems: an a helix might be easily formed from a chain. As regards the third step, the folding of an a helix into a three dimensional structure may be determined by the sequence of amino acids of the a helix. Or, this folding may be an assembly process of the type described in Figure 5 of our symposium article. Or, it may be determined by other biologically important macromolecules in the surrounding medium.~- as a segment of a circle. The filial protein chain, already peeled off, is seen in proper orientation.
The question might arise whether a helices could replicate without unfolding, or not. Suppose a parental a helix has collected filial amino acids from the surrounding medium, in a mantle region surrounding the helix, corresponding to the stage represented by Figure 3 . Consecutive amino acids are now, however, very far apart along a helix surrounding the parental helix, and peptide bond formation might come about between amino acids number 1, 5, 9, 13, ... 
